In an effort to isolate genes required for heart development and to further our understanding of cardiac specification at the molecular level, we screened PlacZ enhancer trap lines for expression in the Drosophila heart. One of the lines generated in this screen, designated B2-2-15, was particularly interesting because of its early pattern of expression in cardiac precursor cells, which is dependent on the homeobox gene tinman, a key determinant of heart development in Drosophila. We isolated and characterized a gene in the vicinity of B2-2-15 that exhibits an identical expression pattern than the reporter gene of the enhancer trap. The product of his gene, apontic (apt; see also Gellon et al., 1997), does not appear to have any homology with known genes. apt mutant embryos show distinct abnormalities in heart morphology as early as mid-embryonic stages when the heat tube assembles, in that segments of heart cells (those of myocardial and pericardial identity) are often missing. Most strikingly, however, apt mutant embryos or larvae only develop a much reduced heart rate, perhaps because of defects in the assembly of an intact heart tube and/or because of defects in the function or physiological control of the myocardial cells, which normally mediate heart contractions. These cardiac defects may be the cause of death of these mutants during late embryonic or early larval stages.
Introduction
It has become increasingly evident that the development and differentiation of an organ from individual precursor cells and tissue types is the result of complex genetic interactions which unfold as a multi-step process, involving transcriptional regulation and signal transduction. The Drosophila heart, which is a simple tubular structure consisting of only a few cell types (Rizki, 1978) , has proven to be an excellent system for elucidating basic molecular mechanisms of organ formation (for reviews see Bodmer, 1995; Bodmer et al., 1997; Bodmer and Venkatesh, 1998) . The precursor cells, which give rise to the heart, originate from the dorsal-most portions of the mesoderm on both sides along most of the length of the embryo. These bilateral rows of cardiac precursor cells then fuse into a linear tube at the dorsal midline (Poulson, 1950; Bodmer et al., 1990; Rugendorff et al., 1994) . Two major cell types have been described based on function and distribution of contractile proteins (for review see Rizki, 1978; Bodmer, 1995) . The inner cells of the heart are aligned in two highly ordered rows that form the central cavity or lumen of the heart. These cells are the contractile muscle cells (the cardial or myocardial cells) that express a variety of muscle specific proteins, such as Dmef2 (Bour et al., 1995; Lilly et al., 1995) , muscle myosin (Kiehart and Feghali, 1986) , tropomyosin (Lin et al., 1996) and b3 tubulin (Leiss et al., 1988; Kimble et al., 1989) . This contractile portion of the heart is flanked on each side by an outer row of pericardial cells which do not express muscle-specific proteins and are noncontractile. Their function is presently unclear.
Recently, considerable progress has been made in understanding the molecular mechanisms involved in specification of the heart precursor cells in Drosophila (for review see Bodmer et al., 1997) . The mesodermal homeobox gene tinman is absolutely required for heart and visceral mesoderm formation, because in tinman null mutants the heart and visceral muscle primordia are absent (Bodmer et al., 1990; Azpiazu and Frasch, 1993; Bodmer, 1993) . tinman is expressed, initially, throughout the mesodermal anlagen, but then becomes restricted to the dorsal portion of the mesoderm, which encompasses the cardiac and visceral muscle primordia. Later, just before germband retraction, tinman expression is further restricted to the cardiac precursor cells, where it is maintained throughout embryonic development. In addition to tinman, two secreted proteins with potential signaling functions have been implicated in patterning the dorsal mesoderm and in specifying the heart progenitors (for review see Venkatesh and Bodmer, 1996; Bodmer et al., 1997) . The maintenance of tinman in the dorsal portions of the mesoderm is dependent on Decapentaplegic (Dpp), a TGF-b-related factor, which is secreted from the overlying dorsal ectoderm (Staehling-Hampton et al., 1994; Frasch, 1995) . Another secretory signaling molecule, encoded by wingless (wg), which is related to the Wnt-1 proto-oncogene, is expressed in a striped pattern orthogonally to dpp and is needed for further subdivision of the mesoderm in combination with dpp with tinman (W.B. Lockwood and R. Bodmer, unpublished data). In contrast to dpp, wg is required for initial specification of the cardiac but not the visceral component of the dorsal mesoderm (Wu et al., 1995; Park et al., 1996) . Interestingly, heart precursors in vertebrate systems not only have a similar embryological origin than in Drosophila (Bodmer, 1995) , but also depend on Tinman-related transcription factors (for reviews see Harvey, 1996; Olson and Srivastava, 1996; Bodmer and Venkatesh, 1998 ) and on Dpp-related signaling molecules (of the Bone Morphogenetic Protein sub-family of TGF-bs; Schultheiss et al., 1997) .
Nevertheless, many aspects of heart formation are still unknown, for example the genetic control of the differentiation of the cardiac mesoderm into individual cell types, as well as the control of heart tube morphogenesis and cardiac function. Clearly, there must be numerous additional genes that act during these processes of cardiogenesis, either in concert with or downstream of tinman and the wg-and dppdependent cardiogenic signaling pathways.
To identify additional elements involved in the formation of the heart we screened and characterized several P-element-based enhancer trap lines that show reporter gene expression in the heart. P-Element enhancer trap lines have become an important tool in studying Drosophila embryogenesis, since tissue specific expression pattern of the lacZ reporter gene is often characteristic of the pattern of regulation of the gene in which the reporter gene is inserted, and because it is possible to subsequently isolate the genomic sequences flanking the P-element insertion, characterize the neighboring gene(s), and analyze its (their) function(s) during development. Here, we report the characterization of a pioneer gene, apt (see also Gellon et al., 1997) , in the vicinity of the enhancer trap lines B2-2-15 (Bier et al., 1989; Hartenstein and Jan, 1992) and P2033 (Karpen and Spradling, 1992) . apt mutants, which die as late embryos or early larvae, have no or a much reduced heart rate and exhibit defects in cardiac morphogenesis, suggesting a role for apt in cardiac differentiation and function.
Results

Reporter gene expression of B2-2-15 and P2033
In an effort to identify additional genes required for heart formation we screened collection of P-lacZ enhancer trap lines which show lacZ expression in the heart (Hartenstein and Jan, 1992; Karpen and Spradling, 1992; Török et al., 1993) . Two P-lacZ line studied, B2-2-15 and P2033, show distinct reporter gene expression in both cardial and pericardial cells of the heart (Fig. 1A ,C; see also Hartenstein and Jan, 1992) . In addition, lacZ expression is also observed in the head and the ventral nerve cord. Interestingly, expression of B2 -2-15 and P2033 in the mesoderm is reminiscent of the expression of the mesodermal homeobox gene tinman (Bodmer et al., 1990; Azpiazu and Frasch, 1993; Bodmer, 1993) . Similar to that of tinman, a uniform expression in the early mesoderm is observed shortly after gastrulation. Later, when tinman expression is restricted to the cardiac progenitor cells at the dorsal mesodermal margin (Bodmer et al., 1990) , mesodermal P-lacZ expression of B2-2-15 is also most prominent in the heart precursors ( Fig. 1A) .
To determine whether the cardiac lacZ expression of B2-2-15 requires tinman function we examined reporter gene expression in a tinman null mutant background (tin EC40 ; Bodmer, 1993) . In these mutants, lacZ expression of B2-2-15 is selectively abolished in the presumptive cardiac mesoderm (Fig. 1B,D ). These data demonstrate that a gene near the B2-2-15 enhancer trap insertion is indeed expressed in the heart primordia during cardiogenesis. We do not know whether or not this expression depends directly on tinman function.
Cloning of apt
We wanted to clone and characterize the genomic region surrounding the P-lacZ insertion site in the line, in order to determine if it contained a gene involved in heart development. We cloned the genomic fragments surrounding the B2-2-15 insertion site by the plasmid rescue method (Pirrotta, 1986; Bier et al., 1989 ; see also Section 4) and confirmed by tissue in situ hybridization to whole mount embryos the presence of a gene expressed in a pattern identical to the lacZ reporter (data not shown). The largest cDNAs, which were subsequently isolated, were 2.8kb. Sequence analysis revealed an open reading frame of 483 amino acids (Fig. 2) . Conceptual translation revealed no homology to known protein domains, except for a stretch of hydrophobic alanine residues and a stretch of basic glutamine residues, separated by opa (CAX) repeats (present in many transcription factors).
While this study was in progress, Gellon et al. (1997) independently cloned the same gene, apontic (apt), in a genetic screen for modifiers of the homeotic gene Deformed (Dfd). The similarity in the expression pattern and chromosomal localization suggested that the gene we cloned near B2-2-15 and apt may be the same, which was confirmed by sequence comparison.
Expression of apt
In situ hybridization to wildtype embryos with probes derived from apt cDNAs revealed an expression pattern similar to B2-2-15 reporter expression (Figs. 1 and 3 ). After gastrulation, at the beginning of germ band extension (stage 8), apt is uniformly expressed in the mesoderm and extends into the hindgut primordium (Fig. 3A) . At stage 10, expression in the mesoderm ceases, except for the mesectodermal cells of the ventral midline (Fig. 3F) . Later, during stage 11, apt expression is observed in the tracheal pits, the CNS, the head region, as well as prominently in the heart progenitor cells (Fig. 3B,D ; see also Gellon et al., 1997for additional patterns of expression). Expression in the heart precursors persists during the process of heart tube formation and in the differentiated heart later during embryogenesis (Fig. 3E) .
Phenotypic characterization of apt mutants
In order to determine if apt function is involved in heart development, we examined the phenotype of B2-2-15, P2033 (apt P2033 )and apt mutants from the Gellon screen (apt 41 , apt 167 , apt 534 ; see also Fig. 2 ). Embryos homozygous for these apt alleles were analyzed with respect to various markers to visualize potential defects in heart formation: Evenskipped protein (Eve) is present in a subset of pericardial cells (EPCs, Fig. 4A ; Frasch et al., 1987) ; Dmef2 protein marks the cardial cells of the heart ( Fig. 4C ; Bour et al., 1995; Lilly et al., 1995) ; and Zfh-1 protein is primarily present in the non-EPC pericardial cells ( Fig. 4E ; Lai et al., 1991 ; M.-T. Su and R. Bodmer, unpublished data). The B2-2-15 insertion is homozygous viable and shows no mutant phenotype (data not shown). The other four apt alleles examined (including apt P2033 ) do not complement each other and are lethal. They die as late embryos or early larvae (Table 1) , and show a similar phenotype with respect to heart development and function (see below and Fig. 4 and Table 1 ).
Because two of the apt alleles are potentially hypomorphic missense mutations (Gellon et al., 1997 ; see also Fig. 2) , we also examined a small, but cytologically visible deficiency Df(2R)bw-s46, which includes the apt and possibly many other loci. The homozygous deficiency exhibits more severe heart defects than the point mutants, but in addition shows many other morphological abnormalities (data not shown). By contrast, the phenotype of embryos heterozygous for the deficiency and either one of the point mutants is not appreciably more severe than the phenotype of the homozygous apt alleles themselves (data not shown), which is consistent with the idea that they are strong alleles. However, we can also not rule out the possibility that a complete loss-of-function phenotype of apt is masked by maternally supplied apt RNA, which is present in early embryos (Gellon et al., 1997) .
The major mesodermal defects of the apt point mutants consist in frequent interruptions of the heart tube, which were observed in about 30% of the homozygous mutant embryos. These abnormalities became obvious shortly before the assembly of the heart precursor cells at the dorsal midline. The defects in correct heart tube formation were Fig. 2 . Nucleotide sequence and deduced amino acid sequence of the gene near the P-lacZ B2-2-15 insertion site. Consensus translation initiation sequence CAAAAT is underlined. CAX-rich region is doubly underlined. Two consensus polyadenylation signal sequences are boxed. CAX repeat sequence is boxed. Amino acid substitutions from Gellon et al. (1997) observed with all three cell type-specific markers (Fig.  4B,D,F) , suggesting that the overall heart morphology is affected in these mutants and not only a specific cell type. No obvious defects were observed in somatic and visceral muscle patterning (Fig. 4D and data not shown), suggesting a specific requirement for apt in heart formation as opposed to other mesodermal derivatives. Since the initial cardiac mesoderm seems to form normally in these mutants (data not shown), it seems likely that apt is primarily required for a late differentiation step such as the correct assembly of the heart tube. This would be consistent with a cell autonomous function of apt in the developing heart (see discussion). Next, we considered the possibility that the morphological defects result in an impairment of heart function. As a measure of a heart function we examined the heart rate of apt mutants. Because a majority of apt mutants die before or during hatching (Table 1) , we only analyzed those embryos and larvae that showed considerable movements in the eggshell or in crawling behavior, respectively. In wildtype embryos, the heart starts to beat at 20-22 h of development at 25°C (stage 16), i.e. shortly before hatching. The early larval heartbeat of Drosophila is not very regular and, in part, seems to be coordinated with the movement of the animal (e.g. crawling). Even at later stages, it had been observed that, occasionally, the heart stops contracting and the larvae remain motionless for many seconds (Rizki, 1978) .
We counted the heartbeats of wildtype and mutant stage 16 embryos and newly hatched larvae over a period of several minutes to obtain an approximate average heart rate. The heart rate of wildtype or apt heterozygous animals was observed to vary over a large range (28-146 beats per minute). The overall average heart rate turned out to be about 80 beats per minute (Table 1) . In moving apt homozygous mutant embryos and larvae, the heart rate was on average only about a quarter of that of wildtype and, as in wildtype, varied over a wide range (Table 1) . Thus, apt is not only required for the proper morphogenesis of the heart but also for its normal physiological function. We do not know if the reduced heart rate is directly due to apt malfunction or indirectly because of the morphogenetic defects.
Discussion
We have identified a gene within the vicinity of a P-lacZ insertion in the B2-2-15 line of Drosophila which shows prominent expression in the heart and encodes a predicted protein with no apparent homology to known proteins. Independently, the same gene, apt, was cloned by Gellon et al. (1997) . They identified apt mutants in a genetic screen for modifiers of a hypomorphic Dfd mutation. These mutants show defects or loss of a set of head structures, which are located in the Dfd-dependent head region. They proposed that apt may act as a HOX cofactor and function in concert with Dfd and another homeobox gene, sexcombs reduced, in specifying gnathal development.
As apt, the dorsal mesoderm determinant tinman (Bodmer, 1993; Azpiazu and Frasch, 1993) is also expressed in the developing heart. In contrast to apt, however, tinman is absolutely required probably already in the early mesoderm for heart precursor (and visceral mesoderm) formation. Although the tinman phenotype manifests itself much earlier than that of apt, the exact function of tinman within the differentiating heart precursors itself is not known. Given that tinman, like Dfd, is a homeobox gene and its expression overlaps with that of apt in the early heart precursors, it is possible that apt also acts as a cofactor of tinman during cardioblast differentiation.
Because of the early and conspicuous apt expression in the developing heart, we examined apt mutants for possible defects during heart development and function. Our analysis of the available apt mutants, using a variety of heart-specific markers and monitoring the mutant heart rate, suggests that apt is required for the correct morphogenesis and functioning of the heart (Fig. 4 and Table 1 ). We do not know if or how the structural defects, which are only 30% penetrant, are linked to the much more penetrant reduction in heart rate ( Table 1) . If only visible morphology defects lead to a compromised heart rate, we would expect that apt has an additional function in cardiac physiology. On the other hand, it is equally likely that the other 70% with no apparent abnormalities, also have structural defects that may be too subtle to be detectable, but nevertheless affect the heart rate. Thus, it is possible that the cardiac physiology is compromised solely because of structural defects or, alternatively, apt may also be required directly for the correct function or expression of factors involved in producing a normal heart rate.
In addition to cardiac tissue, apt expression also overlaps with tinman in the early embryonic head region around the invaginating stomodeum (M.-T. Su and R. Bodmer, unpublished data; see also Fig. 3C,D and Bodmer et al., 1990) . Although the role of tinman in this region of the developing embryo has not yet been investigated, it is tempting to speculate that apt may also interact here with tinman and contribute to some aspect of head development.
Little is known about the origin of the heartbeat in Drosophila, although some evidence suggests that it is both myogenic and neurogenic. In fact, conspicuous nerve ending that originate from the CNS terminate near the heart (Rizki, 1978; Bodmer and Jan, 1987) , which is consistent with this hypothesis. Since apt is expressed in both (myogenic) heart precursors and (neurogenic) CNS (see Fig. 3 ), it is possible that the effect of apt on the heartbeat is either due to a cell-autonomous function of apt in the developing cardiac tissue, or due to non-autonomous neuronal defects, or a combination of both. More information on the origin and control of the heartbeat in Drosophila by cardiac endogenous factors as well as by neuronal and humeral influences are needed to unravel the role of apt in heart morphogenesis and function.
Experimental procedures
Fly stocks
All fly stocks were kept on standard corn meal medium at 18 or 25°C. P-lacZ lines B2-2-15 (Bier et al., 1989) and P2033 (Karpen and Spradling, 1992) were crossed into tinman mutant background similar to Bodmer et al. (1990) . Male and female F1 progeny of the genotype yw; P-lacZ/+; tin/+ were then mated and the embryos of the appropriate stage were collected. Since the mutants did not abolish lacZ reporter expression in all tissues, the absence of expression in heart of homozygous tin mutants was clearly identifiable. The lethal apt alleles, apt
41
, apt 167 , apt 534 (Gellon et al., 1997) and apt
P2033
, as well as a deficiency covering the apt locus, Df(2R)bw-s46 (59D8-D11; 60A7), were balanced with CyO-P(wg-lacZ) or with CyO-P(y + ) in a yw background. Homozygous mutant embryos were identified by the lack of lacZ expression or by the presence of tan (instead of black) mouth hooks conferred by the y genetic background, respectively.
Whole mount in situ hybridization, immunocytochemistry, and molecular biology
Embryos were stained with digoxigenin-labeled DNA and RNA probes (Boehringer kit; Tautz and Pfeifle, 1989) as described in Bodmer et al. (1990) . Procedures for antibody staining were carried out as described previously (Bodmer et al., 1990) . Antibody dilutions were as follows: anti-Zfh1 1:1000 (Lai et al., 1991) , anti-Eve 1:10,000 (Frasch et al., 1987) , anti-Dmef2 1: 1000 (Lilly et al., 1995) . Anti-b-galactosidase (Vector Labs) to visualize lacZ expression was preabsorbed with wild type embryos (1:10) and used at a dilution of 1:4000. Standard molecular biology protocols were followed according to Sambrook et al. (1989) .
Plasmid rescue
Genomic DNA was isolated from B2-2-15 flies according to standard protocol (Ashburner, 1989) . The vector PlacW (Bier et al., 1989) , with which the B2-2-15 line was generated, provides the unique restriction enzymes sites HindIII, XbaI, BglII, PstI, BamHI on one side and EcoRI and SacII on the other side for cloning genomic fragments surrounding the insertion by the plasmid rescue method (Pirrotta, 1986) . A 13 kb BglII fragment and a 14 kb SacII fragment was predicted from Southern blots derived from genomic DNA of B2-2-15 and probed with PlacW. One microgram of the genomic DNA was BglII or SacII digested, ligated and transformed into E. coli DH5a. Colonies containing plasmids with expected size inserts were selected.
cDNA isolation and sequencing
Rescued genomic fragments which showed similar expression pattern in whole mount in situ hybridization were used as a probe to screen a Drosophila embryonic cDNA library (obtained from K. Zinn). The longest of six cDNA was subcloned into bluescript SK+ plasmid (Stratagene) and the nucleotide sequence was obtained by cycle sequencing using oligonucleotide primers, AmpliTaq DNA polymerase FS sequencing kit (Perkin Elmer) and the ABI 377 prism automatic sequencer. Sequences were assembled using Sequencher software (Gene Codes) and coding region was predicted by Gene Inspector program (Textco).
Measurement of heartbeat in live embryos and early larvae
Pre-hatching stage embryos and newly hatched larvae that were homozygous for apt were distinguished from heterozygotes by the tan (versus back) colored mouth hooks (see Section 4.1). Mutant embryos and larvae were brushed into watch glasses and washed once with NaCl-Triton solution (0.7% NaCl, 0.04% Triton X-100) before mounting on slides with halocarbon oil (Product Co.) to allow sufficient oxygenation. The heartbeat of embryos moving in their egg case or of crawing larvae was visualized with phase contrast using a Zeiss Axioplan microscope. The rate of heartbeat was measured by counting the contractions that occurred in one minute over several minutes. Data are the mean ± SD (range in parentheses); n = 100 for each case. M.-T. Su et al. / Mechanisms of Development 80 (1999) 125-132 
